Direct-write nanomanufacturing with scanning beams and probes is flexible and can produce high quality products, but it is normally slow and expensive to raster point-by-point over a pattern. We demonstrate the use of an accelerated direct-write nanomanufacturing method called 'orchestrated structure evolution' (OSE), where a direct-write tool patterns a small number of growth 'seeds' that subsequently grow into the final thin film pattern. Through control of seed size and spacing, it is possible to vary the ratio of 'top-down' to 'bottom-up' character of the patterning processes, ranging from conventional top-down raster patterning to nearly pure bottom-up space-filling via seed growth. Electron beam lithography (EBL) and copper electrodeposition were used to demonstrate trade-offs between process time and product quality over nano-to microlength scales. OSE can reduce process times for high-cost EBL patterning by orders of magnitude, at the expense of longer (but inexpensive) copper electrodeposition processing times. We quantify the degradation of pattern quality that accompanies fast OSE patterning by measuring deviations from the desired patterned area and perimeter. We also show that the density of OSE-induced grain boundaries depends upon the seed separation and size. As the seed size is reduced, the uniformity of an OSE film becomes more dependent on details of seed nucleation processes than normally seen for conventionally patterned films.
Introduction
Manufacturing at the nanoscale requires tools and processes that are low cost, high volume, high precision and easily reconfigurable. Conventional 'top-down' fabrication techniques (e.g. photolithography) are inexpensive and suitable for large-scale production, but the need for masks decreases process flexibility by increasing reconfiguration time [1] [2] [3] [4] [5] [6] . Direct-write tools (e.g. scanning beam and scanning probe systems) exhibit the flexibility of softwarereconfigurable instruments, but they are generally slow, which limits manufacturing throughput and increases production costs [5] [6] [7] [8] [9] [10] [11] [12] . Soft lithography is an inexpensive method suitable for combining 'top-down' patterning with 'bottom-up' molecular self-assembly [5] [6] [7] [11] [12] [13] [14] [15] [16] . However, it has limited resolution and relies on the fabrication of new master molds for each design revision.
Here, we describe a nanomanufacturing approach called orchestrated structure evolution (OSE) which maintains the flexibility of direct-write tools while enhancing their productivity. OSE starts with top-down patterning of a small number of 'seeds' using a direct-write instrument followed by bottom-up growth of the seeds until they merge into the final, desired object. Because a limited number of seeds are patterned on the substrate, the writing time is dramatically reduced, lowering cost and increasing throughput. The OSE pattern quality depends on seed density in a predictable manner, allowing one to trade-off speed and quality when moving from prototype design to final performance evaluation. While the OSE concept should apply to a variety of seed types and writing techniques, we focus here on demonstrating the concept using e-beam patterning of nanoelectrode seeds on PMMA-gold-coated silicon wafers followed by electrochemically driven growth of copper from the seeds into a final object.
Experimental details

Seed patterning
Substrates were prepared by evaporating a 50 nm gold film on a 4 inch diameter silicon wafer with 3 nm chromium adhesion layer. A 3% polymethyl methacrylate (PMMA 950A) in anisole resist from MicoChem ® Corporation was applied to the wafer, spin-coated at 4000 rpm for 45 s and prebaked at 180
• C for 90 s. The final thickness of the PMMA layer was about 100 nm. Wafers were stored in the dark until needed. 'Seed' locations were defined in the resist layer using e-beam lithography (FEI Sirion SEM with NPGS 9 software). The beam current was controlled in the range of 80-100 pA with a line dose of 0.2-0.5 nC cm −1 and 10 nm beam spacing to obtain the desired seed sizes (from 62 to 500 nm). Patterns were based on square seed arrays (12.5 μm × 12.5 μm-100 μm × 100 μm) with center-to-center pitch ranging from 1:2 to 1:10 ( figure 1(G) ). Seed locations were determined by overlaying the desired pattern ( figure 1(A) ) with the square seed array and 'nudging' the alignment of the array (within ±1 pitch distance in both X-Y ) to preserve the finest details in the completed object ( figure 1(B) ). Seed centers that fell outside the boundary of the optimized alignment were removed from the pattern before exposure (figure 1(C)). Exposed substrates were developed in a 1:3 solution of methyl isobutyl ketone (MIBK) and isopropanol alcohol (IPA) for 70 s at room temperature, rinsed with IPA, dried with N 2 gas and baked on a hotplate at 100
• C for 60 s. The appearance of the completed object was modeled assuming that seeds have an identical isotropic growth rate at all times ( figure 1(D) ). Such uniform growth models break down when local diffusion or ion migration effects are important (e.g. at the edges and corners of a pattern [3, [17] [18] [19] ). Thus, all our test patterns were surrounded by an auxiliary electrode structure to reduce edge effects in the seed growth rates.
Seed growth
Copper was grown at the patterned locations via electrodeposition in room temperature 0.5 M CuSO 4 and −300 mV (EG&G 273 Potentiostat) versus Ag/AgCl reference. All experiments were done in a quiescent 40 ml single-compartment cell with a platinum wire as a counter electrode and an Ag/AgCl, saturated KCl reference electrode. Growth continued until seeds merged (figure 1(E)).
Imaging and analysis
Creating patterned thin films from seeded growth introduces errors into the final geometry. To quantify these errors, we 
Resistivity measurements
Four-point-probe resistivity measurements were performed with a Keithley 4200-SCS device on patterned thin films made by conventional electrodeposition through a mask and by the OSE method. The test structures were 600 μm long by 15 μm wide copper films with 200 μm×200 μm contact pads for each probe. Average film thicknesses were grown until about 1 μm, with cross sections measured using a Veeco Dimension 3100 SPM. After making cross-section measurements, the copper patterns were embedded in PC-Super epoxy© glue and peeled from the conductive substrate. The embedded copper in epoxy film was use as the substrate for resistivity measurements. The peeling process resulted in approximately 50% of the films displaying mechanical failures (e.g. cracks or complete fractures).
Results and discussion
Impact of OSE on process time
As illustrated in figure 1, OSE aims to decrease the fabrication time associated with the use of a direct-write tool by patterning 'seeds' at selected locations of a substrate, and by growing material from these locations into the desired object. For a proof-of-concept demonstration of the OSE concept, we generated Au nanoelectrode 'seeds' using ebeam lithography on a PMMA-gold-coated silicon wafer. Copper was next electrodeposited on the conducting seeds and allowed to overgrow and merge with neighboring growth zones, eventually yielding the test pattern.
In order to evaluate the influence of OSE parameters on process time and object quality, we wrote 62, 125, 250 and 500 nm diameter seeds at 1:2, 1:5 and 1:10 pitches, thus creating 12.5 μm × 12.5 μm-100 μm × 100 μm patterns, depending upon the chosen seed size (figure 2). For comparison, e-beam lithography was used to write the entire pattern at the same sizes ('Conventional' column). As expected, the electron beam time required to write the pattern decreased with seed size and with larger pitch dimensions. For example, the conventional pattern shown in the lower left corner of figure 2 required 612.6 s of e-beam time, whereas OSE patterns with 500 nm seeds were generated in 80.8, 13.0 and 3.3 s for pitch ratios of 1:2, 1:5 and 1:10, respectively ( figure 3, --•--) . With large (500 nm) seeds, there was a 200-fold reduction in e-beam time between the conventional approach and OSE at a 1:10 pitch, compared to a 60-fold decrease in process time for 125 nm seeds (figure 3, ----). Patterning time with e-beam lithography is influenced by proximity effects that reduce the exposure time needed when patterning large areas [20, 21] , so it is necessary to consider the physics of the patterning method to determine the exact amount that OSE will reduce the overall patterning time.
The electrodeposition time needed to grow a continuous copper film increased with both seed size and pitch. There was a 120-fold increase in deposition time (from 2 to 240 s) with 500 nm seeds (figure 3, −−•−−) and a 30-fold increase when one used 125 nm seeds (− − − −). The minimum overall process time (patterning plus electrodeposition) is about 60 s when the pitch ratio lies between 1:2 and 1:5. Such a tradeoff between top-down and bottom-up manufacturing times is likely to hold with other methods of seed patterning and growth.
Total process time curves in figure 3 represent the sum of the e-beam exposure time and copper electrodeposition time. The lowest total process time falls between the 1:2 and 1:5 pitch ratios. However, because of the high capital costs for e-beam tools compared to electrodeposition tools, there may be important economic justifications for working under conditions to the right of the minimum total process time, where the throughput of the most expensive capital equipment (e-beam tool) is enhanced. This choice comes at the expense of a long electrodeposition time, but the total process throughput can be significantly increased by purchasing multiple electrodeposition tools at low marginal cost. This balance is part of the OSE calculation, as is the acceptable quality of the final pattern. Figure 2 shows that the quality of geometric details in the final object depends on both pitch and seed size. Specifically, all patterns produced at 1:2 pitch ratios showed little qualitative difference relative to the conventional method, irrespective of seed size. However at pitch ratios of 1:5 and 1:10, curves lose their smoothness, straight lines become scalloped, and surface topography becomes more obvious, especially for large seeds. In short, creating a patterned thin film using discrete seed locations followed by isotropic material growth leads to intrinsic geometric errors. In real systems, nonisotropic growth arises due to randomness in nucleation and crystal symmetries, as well as ohmic and diffusive interactions between adjacent seeds, introducing further geometric errors that we call growth errors [22, 23] . Although they do not add up to it, intrinsic and growth errors contribute to the total geometric error, which captures the differences between the completed pattern and the desired pattern and is a measure of the quality of the fabricated object.
Quantifying the time-quality trade-off
To quantify intrinsic error, we compared the geometric characteristics (perimeter, area, etc) of the desired pattern ( figure 1(A) ) to those predicted assuming ideal isotropic seed growth (modeled pattern; figure 1(D) ). Growth errors were measured by comparing geometric differences between completed (figure 1(E)) and modeled patterns ( figure 1(D) ). Finally, the total error was obtained by taking the difference between the desired ( figure 1(A) ) and completed patterns ( figure 1(E) ). Mathematically, the total errors for area and perimeter are defined as follows:
where symbols are defined in figure 1. Figure 4 shows intrinsic, growth and total error in area (A) and perimeter (B) for 125 nm seeds at different pitch ratios. As expected from figure 2, there was no significant difference in growth error or in total error when the conventionally fabricated object was compared to an OSE pattern produced using seeds at a 1:2 pitch ratio (figures 4(A) and (B)). However, the total error in both area and perimeter increased substantially at larger pitches. Interestingly, at 1:5 and 1:10 pitch ratios, the amount of growth error increased for area but not for perimeter. This is due to the fact that non-isotropic growth of edge seeds reduces 'scalloping' along the perimeter compared to the modeled pattern, while simultaneously leading to overgrowth relative to the desired pattern. Thus, whereas overgrowth increases both perimeter and area, reduced scalloping decreases the perimeter by a commensurate amount, leading to small overall perimeter changes. Many of the errors discussed above could be reduced by using different seed sizes and flexible spacing A B Figure 4 . Representations of geometric quality at different pitch ratios for 125 nm seed size. Panels (A) and (B) show geometric error for area and perimeter. Light gray, gray and dark gray represent intrinsic, growth and total error, respectively. C stands for conventional pattern. Note that, by definition, the intrinsic error for a conventional process is zero.
(e.g. off a square lattice). We are currently pursuing physicsbased seed planting algorithms in order to minimize local and global geometric errors-as well as manufacturing timewhen patterning with OSE.
Influence of OSE on pattern fidelity
How OSE manufacturing affects fidelity to the original pattern can be seen by looking at detailed features as a function of pitch size for 125 nm seeds (figures 5(i)-(iv)) or as a function of seed size for a constant 1:5 pitch ratio (figures 5(v)-(viii)). For example, figure 5(i) shows that the conventional method results in roughness at the edges and in the internal circle due to growth of individual copper crystallites beyond the mask. Typical nanomanufacturing processes that use electrodeposition (e.g. damascene copper interconnects) rely on a chemical-mechanical planarization (CMP) step to remove overgrowth from the mask [24] [25] [26] . The OSE approach described here is purely additive and there is no comparable CMP material removal step. Thus film thickness and roughness increases with pitch size in figures 5(ii)-(iv). If thickness uniformity is a critical design parameter, a subsequent CMP step may be required, adding a new process time to our analysis ( figure 3 ) and making OSE more like conventional electrochemical nanomanufacturing. When patterning at a constant pitch ratio (figures 5(v)-(viii)), OSE induces little change in overall quality until the seed size is reduced to a dimension comparable to the size of individual crystallites in the film ( figure 5(v) ). Because such small seeds contain a small number of copper crystallites, the details of nucleation become important in filling and in determining film thickness uniformity. Moreover, with small seeds and at small pitch ratios, OSE-induced grain boundaries can be roughly as plentiful as those present in the polycrystalline material. In contrast, larger seeds require longer electrodeposition growth times ( figure 3 ) and the influence of random nucleation events is less important to overall film uniformity (see for example, figures 5(v)-(viii)).
Influence of OSE on electrical properties
As figures 2 and 5 show, OSE induces patterned grain boundaries on top of those intrinsic to material growth. One might expect these OSE artifacts to influence the electronic and mechanical properties of a patterned thin film, especially at small seed sizes and small pitch ratios. Figure 6 shows the results from four-point-probe testing of thin film resistivity as a function of pitch ratio and seed size. The full set of replicate experiments are shown in the figure. The average resistivity for the entire dataset is 2.1± 0.2 μ cm, a bit higher than expected for pure electrodeposited Cu (owing to oxygen incorporation) [27] [28] [29] [30] . Over the range of sizes studied, there are no significant differences in resistivity among the different OSE patterning parameters. Though not measured here, the influence of OSE-induced grain boundaries on film stress is also worthy of further study [31] [32] [33] [34] [35] .
Conclusion
We have described orchestrated structure evolution (OSE), an option for nanomanufacturing that introduces new relationships between time, cost and quality by combining topdown seeding with bottom-up growth processes. Here, we used e-beam direct writing to create growth seeds for subsequent electrodeposition. However, growth could take many forms in both vapor and liquid phases, and seeds could be as complex as proteins that induce nucleation [6, 13, 15, [36] [37] [38] or as simple as the patterned nanoelectrode sites used here [5, [39] [40] [41] . Clearly, the direct-write patterning method needs to be compatible with the seed character. For example, while electrochemical printing (EcP) or electron beam lithography (EBL) are well suited for seeded electrodeposition, dip-pen nanolithography (DPN) could be used for protein seeding.
Overall, the decision whether to use OSE in a process is a balancing act that requires knowledge of pattern fidelity requirements, subsequent process steps such as CMP and cost requirements for a specific application. If patterning a thin film with no subsequent CMP steps, OSE at 1:2 pitch ratio shows significant reductions in e-beam and process time with no discernible quality change, so it would be a sensible choice. Alternatively, 1:5 and 1:10 pitch ratios greatly reduce patterning times at the expense of substantial geometric errors, but there may be situations where pattern fidelity is not a critical concern, e.g. contact pads, thermal or mechanical support structures, etc. Thus, OSE is one more tool in the designer's toolbox, and not a universal solution for every situation.
Finally, it is worth noting that the trade-offs we have discussed are quite general to materials growth systems governed by diffusion or migration. Simple geometric quality indicators such as pattern edge or surface roughness depend on the patterning algorithm, growth processes and pattern details. Nonetheless, we have shown that OSE has the potential to reduce patterning times by orders of magnitude. This is critical when the most expensive nanomanufacturing steps are associated with film patterning (as they usually are). Ultimately, the exact level of accelerated patterning will be dictated by the demands of any particular application and the hierarchy of feature sizes that need to be reproduced.
